In this study, gamma irradiation induced degradation of orange peels (OP) was investigated. The lignocellulosic biomass degradation was carried out at doses of 0 (control), 600, 1800 and 3500 kGy using a Co-60 gamma radiation source. The samples were tested for total and reducing sugars. The concentrations of total sugars ranged from 0.530 g•g but not significantly, which suggests that lignocellulose and sugars profiles were partially degraded after gamma irradiation.
Introduction
Energy consumption has increased gradually over the last century as the planet's population has grown and more countries are becoming industrialized. The use of biofuels for transport is becoming of increasing importance for a number of reasons, such as environmental concerns relating to climate change, depletion of fossil fuel reserves, and reduction of reliance on imports [1] [2] [3] [4] . A potential source for low-cost biofuel (i.e., bio-ethanol) production is to utilize lignocellulosic materials such as citrus residues of orange peel as feedstocks.
In Mexico, the production of oranges has significant economic importance and this product is essentially processed to make juice. The production of orange juice generates mainly peel, bagasse and seed wastes, which represent about 50% of the raw processed fruit. These citrus wastes do not find any commercial use and are largely disposed of in municipal dumps or as underutilized cattle feed [5] [6] [7] . Orange peels are rich in fermentable sugars, that is, glucose, fructose, and sucrose, along with insoluble polysaccharides, cellulose and pectin [8, 9] . Citrus fruit residues thus represent an abundant, inexpensive, and readily available source of renewable lignocellulosic biomass, and their utilization is attracting increased interest all over the World, mainly for the production of novel materials for environmentally friendly industrial utilization after chemical modification.
Current technologies for bioethanol production mostly rely on starch and sugars, and have been considerably debated because of poor sustainability [10, 11] . In this context, bioethanol produced from lignocellulosic biomass is an interesting alternative because these raw materials do not compete with food crops and they are also less expensive than conventional agricultural feedstocks [12] [13] [14] . Their hydrolysis yields fermentable sugars which can serve as chemical feedstocks and energy sources. Initially, the major technical problem for ethanol production from lignocellulosic biomass is how to hydrolyze lignocelluloses into fermentable monosaccharides. Cellulose and hemicellulose pretreatment is an essential step for obtaining potentially fermentable sugars in the hydrolysis step. In this regard, only pretreatments such as dilute-acid and steam explosion, prior to enzymatic hydrolysis and fermentation, have been studied for orange peel wastes [8, 15, 16] .
Few reports exist on the use of gamma irradiation on lignocellulosic biomass [17] [18] [19] [20] . Gamma irradiation, if is used on lignocellulosics in high dosage, causes a decrease in cell wall constituents or depolymerizes and delignifies the fiber [21] . In addition, ionizing radiation leads to the degradation of polysaccharides such as starch, cellulose, and pectin by the cleavage of the glycosidic bonds. The basic advantages of degradation of polymers by radiation include the ability to promote changes reproducibly and quantitatively, without the introduction of chemical reagents or the need for special equipment/setup to control for temperature, environment, and additives. Therefore, this technology is simpler and more environmentally friendly than other conventional methods. However, no information is yet available about the effect of 60 Co-γ irradiation treatment on the structural properties of orange peel. The objective of this work was thus to evaluate the effects of gamma irradiation at higher doses on the physico-chemical structure of orange peels.
Results and Discussion

Proximate Analysis
Orange peels were evaluated for proximate composition. The moisture content of the peel in this study was approximately 68% (wet basis). Hemicellulose is present in a significant quantity (14.4%). The cellulose content was found to be 11.97%. The total protein content in the substrate was 5.93%. Relatively low levels of lignin (2.15%) were evident. Fractions of neutral detergent fiber and acid detergent fiber were 28.53% and 14.12%, respectively. The above values indicate that orange peels are good sources of carbohydrates and fiber. The findings of the present study concerning proximate composition of wastes are corroborated by the results of other studies [22, 23] . However, these studies have reported results that diverge from the findings in the present investigation. In fact, these differences are expected owing to varietal, cultivar, environmental and soil condition differences. One of the main obstacles for using orange peel waste for fermentation is its content of peel oil. Extraction of essential oil produced an approximate yield of 0.53% (w/w) so from 500 g of fresh orange peel about 2.66 g of oil was obtained. The extraction yield is acceptable as extraction yields between 0.5% and 0.8%, have been reported, which depends on the variety and ripeness, as well as equipment and extraction methods used [5] . Orange peel oil contains more than 90% (w/w) D-limonene, a monoterpene that inhibits yeasts and other microorganism [8] .
Comparison of Radiation Doses and Absorbance for Total Sugars
Oligosaccharides present in the non-irradiated and irradiated substrates were determined by the phenol-sulfuric acid assay [24] Therefore, in the analysis of mono-and oligosaccharides in the substrate, the intermediate product after treatment is mostly a mixture of sucrose, glucose and fructose, which are thus the main compounds measured in the sugar assay. The developed complex during the reaction was a chromophore that absorbs electromagnetic radiation in the UV-Vis region and the absorbance was proportional to the sugar concentration.
A previous report indicated that at 490 nm most sugars can be measured at or near their maximum absorption and that the absorption spectra of mannose, xylose, fructose, galactose, and glucose have peaks at 491, 486, 482, 491, and 493 nm, respectively [25] . In general, the maximum absorbance can be observed at 490 nm for hexoses and 480 nm for pentoses. In this way the measurement of total sugars by phenol-sulfuric colorimetric reagent was highly reproducible in the irradiated substrate. The levels of total sugars were calculated from the equation derived from a standard curve; for the control and irradiated samples of cobalt-60 source. The values ranged between 0.530 and 0.382 g•g −1 of dry weight. Since the total sugar content of the OP varied in relation to control samples, with the application of irradiation. This can be observed in the Figure 1 that, from the wavelength of 450 to 530 nm, the responses of the material to gamma radiation have similar behavior pattern for the irradiation doses up to 3500 kGy. Starting from the irradiation dose of 600 kGy, the absorption intensity of the irradiated samples, was higher than the intensity of original absorption (non-irradiated substrate), in all cases was observed a maximum absorption value of 490 nm. Figure 1 shows that as the irradiation doses increase, the absorbance tends to decrease, possibly owing to chain scission processes and the alteration of the structure of the irradiated samples as well as the breakage of the glycosidic linkages of the polysaccharide. This result is supported by the reports of depolymerization by radiolysis of polysaccharides such as starch [26, 27] , chitosan [28] and β-glucan [21] . The levels of total sugars present in the irradiated OP according to measured absorbance showed no significant difference between the sample control indicating that the impact of gamma radiation at the doses analyzed, were not sufficient to modify the sugars present in OP. 
Comparison of Radiation Doses and Absorbance for Reducing Sugars
The absorbance of reducing sugars released in the substrate was assayed after radiation treatment at different doses by the DNS method [29] which detects the presence of the free carbonyl groups in the sugar chemical structure. Color changes from yellow to brown were observed due to the concentration of reducing sugars in the sample. The UV-Vis absorbance measurements of reducing sugars were reported to understand the impact of gamma irradiation pretreatments on cellulose and hemicellulose conversion. The samples irradiated in a source of cobalt-60 when compared to the sample control showed low levels of variation for reducing sugars, the contents varying from 0.018 to 0.184 g•g −1 of dry weight, with the largest rise occurring in the sample irradiated at 3500 kGy. Figure 2 shows that there tended to be less release of reducing sugars in the non-irradiated substrate compared to irradiated substrates. The relationship between irradiation dose and the absorbance indicates that substrate degradation is not significant when using low doses (<600 kGy) are used compared to the effects observed at high absorbed doses of gamma irradiation. For easier comparison, the maximum release of reducing sugars at 3500 kGy, indicates that the irradiation induces degradation of lignocelluloses. The total sugars content increased slowly with increasing irradiation dose from 1800 to 3500 kGy. This process might be attributed to the loss of potential reducing sugar by radiolysis into low molecular weight products or the accumulation of inhibited byproducts. During the DNS assay, it was found that the UV-Vis absorbance measurements increased as a function of irradiation dose due to degradation of the substrate that improves the release of reducing sugars. This result is consistent with other studies on wheat straw [18] and potatoes [26] . The changes that occurred can be explained by the fact that the breakdown and depolymerization of the polysaccharide by radiolysis might induce the production of low molecular weight fragments and this leads to an increase in the solubility [30] . Despite these results, the increase in absorbance between 0.03 and 0.17 involves a limited release of oligosaccharides. Therefore, the total sugar conversion from irradiated biomass becomes an increasingly important parameter for bioethanol research. 
Liquid Chromatographic Analysis of Sugars
By HPLC analysis, a few sugars such as sucrose, glucose and fructose were found in the control and irradiated substrates, but the sucrose level was significantly higher than the levels of glucose and fructose. The purity of the three kinds of sugar content (control sample), was 3.06, 0.49 and 0.84 g•L −1 for sucrose, glucose and fructose, respectively. Variations of the fructose content showed similar patterns to that observed with glucose ( Figure 3) . After the first radiation dose, a slight increase in the level of glucose and fructose was observed. However, a further increase in the dose radiation level (1800 kGy) resulted a decline in both glucose and fructose in the sugar concentration that can be due to the glycolytic degradation. The sucrose content showed a different pattern of variation but does not induce quantitative significant changes. After treatment and compared to the initial content, sucrose decreased significantly with respect to increasing radiation dose; however, this decrease was not significant between control and both irradiated OP. The sugar degradation pattern depends upon the structure of polysaccharides, intra-and intermolecular interactions between soluble polysaccharides, and the kind and concentrations the sugars present in cellulose and hemicellulose. Thus, it can be noted that the impact of gamma radiation emitted to established dose rate by Cobalt-60, to those doses analyzed, were not sufficient to modify significantly the sugars aspects present in OP. 
FTIR Spectra of the Irradiated Substrates at Different Doses
Fourier transform infrared spectroscopy (FTIR) was used to assess differences in the functional groups of the OP before and after irradiation. The FTIR spectra of OP treated with different doses of gamma irradiation are shown in Figure 4 . The most intense band at 3322 cm −1 was assigned to the stretching of -OH groups of the carbohydrates and those of lignin [31] . The signals at 2921 and 2851 cm −1 are caused by asymmetrical and symmetrical stretching vibrations of C-H groups. The band at 1732 cm −1 increases at rising the irradiation dose and was assigned to the carbonyl (C=O) stretching. The intense band at 1015 cm −1 corresponds to the link C-O-R while the distinctive band around 1265 cm −1 was attributed to aliphatic chains (-CH 2 -and -CH 3 ) forming the basic structure of this lignocellulosic materials [32] . The relative absorbance of studied peaks increases with the rising gamma irradiation. The increase in the peaks' intensity occurred particularly when the dose irradiation surpassed 600 kGy. The above result shows that the non-irradiated and irradiated OP both have similar FTIR spectra patterns, with small changes in the functional groups status. These changes mean that the chemical linkages of OP were partially altered by gamma irradiation. The deformation of lignocellulose by irradiation might occur because of the splitting of glycosidic bonds. Most of the bands have contributions from both carbohydrates (cellulose and hemicellulose) and lignin.
Thermal Behavior
The occurrence of chain scission is clearly demonstrated by TGA. If the polymer undergoes degradation, its weight will decrease. TG and DTG curves of the non-irradiated and irradiated OP are shown in Figure 5 and Table 1 . Corresponding to the weight loss on TG curves at least four main thermal events can be clearly distinguished up to 600 °C. In all TG curves (Figure 5a ), the first weight loss step below 105 °C refers to volatile components and physically adsorbed water molecules in the samples. It has been reported that the dried biomass is stable up 140 °C, and then begins to decompose [31] . The main mass losses are associated to the biomass decomposition, essentially, to its three main components (hemicellulose, cellulose and lignin). The second step from 150 to 265 °C can be attributed to decomposition of hemicelluloses. The third decomposition process between 265 and 372 °C was associated to the degradation of cellulose. Finally, the carbon-carbon linkage between lignin structural units was cleaved in the temperature range from 372 to 570 °C. The cellulose thermal degradation occurs in many steps, starting by its depolymerization [17] . This takes place when the cellulose structure has absorbed enough energy to activate the cleavage of the glycosidic linkage to produce glucose and oligosaccharides. Aguiar et al. [33] have reported that hemicellulose decomposes between 200 and 260 °C, most of the decomposition happens to 180 °C. Decomposition of cellulose is complete at around 360 °C. Cellulose forms long chains that are bonded to each other by a long network of hydrogen bonds. Up to 300 °C, there is the breaking of bonds α-β-aryl-alkyl-ether. This process is followed by aromatic ring bonds breakage and finally a rupture of carbon-carbon bonds between the structural units of lignin at temperatures from 370 to 400 °C [34] . In this way, when the irradiation dose increases between 600 and 3500 kGy then the hemicellulose and cellulose content falls more rapidly as compared with the non-irradiated substrate. The data from Table 1 allow observing that after irradiation the sample components in the form of hemicellulose and cellulose gradually undergo chain breakage when the absorbed radiation dose reaches 600 kGy or higher, while the lignin structure is less affected by gamma radiation. It is clear that in the DTG curves (Figure 5b) there is a slight shift to the left of the maximum temperatures of degradation as the radiation energy increases. Therefore; it is assumed that the lower temperature range would be due to the scission of chemical bond such as a glycosidic bonds. DTG curves of lignocellulosic biomass show a main peak at high temperatures mainly due to the degradation of cellulose, and a shoulder or a peak at lower temperatures that can be attributed to the partial degradation of hemicelluloses.
Cleavage of the Glycosidic Bonds
The breakdown of lignocellulosic biomass involves the formation of long-chain polysaccharides, mainly cellulose and hemicellulose, and the subsequent hydrolysis of these polysaccharides into their component 5-and 6-carbon chain sugars. Cell wall polysaccharides were partially degraded, particularly cellulose and hemicellulose. Lignin, according to Figure 5 , is more radiation resistant. It has been shown that the lignin plays a protective role in the cell wall by absorbing and scattering radiation energy. The main irradiation effect in hemicellulose and cellulose causes degradation by splitting of the glycosidic bond with subsequent formation of reducing groups, such as reducing sugars (e.g., glucose). Each glucose residue of cellulose has two inter-and intramolecular hydrogen bonds. These bonds stabilize the long and parallel chains of cellulose. Gamma irradiation affects these bonds and causes the van der Walls power to weaken, which results in the degradation of cellulose and increasing degradability of the cell wall constituents [28] . Additionally, with the breaking of hydrogen bonds, free radicals are produced and then the concentration of free radicals and also, the number of separated chains from cellulose ( Figure 6 ), increases with the increasing irradiation dose [19, 21] . The irradiation causes the formation of carbonyl groups of cellulose at the presence of oxygen that helps cellulose breakdown. Gamma rays leads to the hydrolysis of the glycoside bonds. As proposed in Figure 6 , cellulose mainly decomposes into large fragments and then to the ultimate radiolysis products which include RCHO, RCOOH, CO 2 , CO, etc. and the loss of bound water in the processes of chain scission and the structure alteration of irradiated sample [18, 35] . The predominant reaction of hemicellulose and cellulose polymers upon radiation is main-chain scission that is a direct consequence of interactions of gamma rays with the polymers leading to the breakage in the polymer backbone. Figure 6 . Mechanisms degradation of cellulose by gamma irradiation, adapted from Ershov [35] .
Experimental Section
Materials
Oranges used in this study were Citrus sinensis L. supplied by a local market. The peels were separated from the endocarp by cutting with a hand knife into small pieces and washed thoroughly with de-ionized water to remove physically adsorbed contamination. The biomass were dried in a vacuum oven at 60 °C for 24 h and then crushed and sieved through an 80 mesh screen. The substrate was placed in hermetically sealed bags and stored in a cold chamber until treatment.
Proximate Analysis
The peel samples were analyzed for dry matter, moisture, protein (N × 6.25), neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL). The proportion of hemicellulose was calculated from the difference between NDF and ADF and that of lignin from the difference between ADF and cellulose. The analytical methods and extraction of essential oil from OP were performed by following their respective procedures [36] .
Gamma Irradiation
The solid substrate was placed in sealed glass bottles and was irradiated at a National Nuclear Research Institute, Mexico using a 60 Co-γ irradiation device (Transelektro LGI-01). Gamma irradiation pretreatment experiments were performed using specific levels of 60 Co-γ and the irradiation doses used were 600, 1800 and 3500 kGy at a dose rate of 10 kGy h −1 . The control (0 kGy) and irradiated samples were stored for further tests.
Total Sugars
The phenol-sulfuric colorimetric method [24] was used to determine the total concentration of carbohydrates present in the substrate. Two mL of clear aqueous solutions (0.5 g irradiated biomass/10 mL water) of the carbohydrates to be analyzed were placed in a test-tube and then 1.0 mL of phenol (5% w/v) and 5.0 mL of sulfuric acid (96% v/v) were added and immediately vortexed. Samples were allowed to stand for 10 min and then placed in a thermal bath at 30 °C for 20 min and measured at 480 nm. This method is non-stoichiometric and so it was necessary to prepare a calibration curve using D-glucose standards on a UV-Vis spectrophotometer (Lambda 25, PerkinElmer Inc., Waltham, MA, USA).
Reducing Sugars
Concentration of reducing sugars was measured by 3,5-dinitrosalicylic acid reagent (DNS) [29] . The DNS reagent is nonspecific and reacts with both five and six carbon reducing sugars. Although this assay does not allow discrimination among specific carbohydrates, it can be used to quantify hydrolysis of a wide range of polysaccharide substrates. Initially 1.0 mL of liquid sample (0.5 g irradiated biomass/10 mL water) was mixed with 1.0 mL of DNS reagent. The mixture was heated at 99 °C for 5 min to develop red-brown color. After cooling to room temperature, 8.0 mL of distilled water was added to reagent mixture and absorbance with a spectrophotometer at 575 nm was measured. A standard curve was prepared using different glucose concentrations. All experiments were carried out in the same square quartz UV-Vis cells (path length, 1 cm).
Analysis of Sugars by HPLC
The sucrose, glucose and fructose content were determined by HPLC. Samples were homogenized (0.2 g dried substrate/10 mL water) and filtered (Phenomenex 0.45 μm RC membranes) into HPLC vials. The sugars were separated by HPLC using a Metacarb column 87C (300 × 7.8 mm) set at 70 °C with an appropriate guard column (Varian Inc., Palo Alto, CA, USA) and a differential refractometer detector (Prostar 350, Varian Inc., Palo Alto, CA, USA). The mobile phase was DDI water at a flow rate of 0.6 mL•min -1 . The sugars were identified and quantified by comparison with standards (Sigma-Aldrich Co., St. Louis, MO, USA) and each determination was run in triplicate.
Instrumentation and Characterization Methods
Fourier transform infrared spectroscopy (FTIR) was used to assess differences in the general functional groups of the irradiated and control samples. FTIR spectra were obtained using a Vertex 70 spectrometer in the spectral range 4000-500 cm −1 in ATR mode. Thermogravimetric analysis (TGA) was carried out using a TA Instrument TGA-DSC, with a volume of 10 mg, and a purge flow of 50 mL/min, at a scan rate of 20 °C/min under nitrogen flow.
Conclusions
In this study, slight changes in the physico-chemical properties were observed when OP was irradiated by 0-3500 kGy gamma rays. The results showed that the levels of total and reducing sugars present in the control and irradiated OP was affected, but not significantly, which suggests that lignocellulose and sugars profiles were partially degraded after gamma irradiation. The sample irradiated at highest dose presented the most intense reduction in the concentration of glucose and fructose in comparison to the control. Sucrose seems to be less affected by radiation because it does not induce significant quantitative changes in the content. IR analysis showed that the non-irradiated and irradiated OP both have a similar spectral patterns, with little changes in the functional group profile. These changes mean that the chemical linkages of OP were partially altered by gamma irradiation. The TG and DTG characterization suggests that degradation process occurs in at least three main steps associated to the OP decomposition, essentially, to its three main components (hemicellulose, cellulose and lignin). The gamma irradiation could affect partially the lignocellulose structure of the OP, sequentially influencing its microstructure, and finally brought about changes of its physicochemical properties due to partial degradation of the substrate. Against these results, it can be concluded that the impact of gamma radiation emitted to specified dose rate by Cobalt-60, to those doses analyzed, were not sufficient to modify the sugars profiles found in OP.
